Porcine reproductive and respiratory virus (PRRSV) is an enveloped positive-sense RNA virus of the family Arteriviridae that causes severe and persistent disease in pigs worldwide. The PRRSV virion consists of a lipid envelope that contains several envelope proteins surrounding a nucleocapsid core that encapsidates the RNA genome. To provide a better understanding of the structure and assembly of PRRSV, we have carried out cryo-electron microscopy and tomographic reconstruction of virions grown in MARC-145 cells. The virions are pleomorphic, round to egg-shaped particles with an average diameter of 58 nm. The particles display a smooth outer surface with only a few protruding features, presumably corresponding to the envelope protein complexes. The virions contain a double-layered, hollow core with an average diameter of 39 nm, which is separated from the envelope by a 2-3 nm gap. Analysis of the three-dimensional structure suggests that the core is composed of a double-layered chain of nucleocapsid proteins bundled into a hollow ball.
INTRODUCTION
Porcine reproductive and respiratory syndrome virus (PRRSV) is a widespread and highly infectious virus of pigs that causes a persistent and sometimes severe disease that is characterized by respiratory problems, weight loss and poor growth performance, as well as reproductive failure in pregnant sows (Rossow, 1998; Zimmerman et al., 1997) . Measures to regulate the disease have been complicated by the pattern of persistent, subclinical infection with occasional epidemic outbreaks as well as the high heterogeneity of the virus (Batista et al., 2004; Blaha, 2000; Meng, 2000; Murtaugh et al., 2002) .
PRRSV is a member of the family Arteriviridae of enveloped viruses with positive-sense (+) RNA genomes, that also includes lactate dehydrogenase-elevating virus (LDV) of mice, equine arteritis virus (EAV) and simian hemorrhagic fever virus (SHFV) (Plagemann, 1996) . PRRSV is divided into two genotypes, the European, or type 1, also known as Lelystad virus, and American, or type 2 virus (Meng et al., 1995) . There is considerable sequence variability within both groups and only about 50-60 % sequence identity between the two subtypes (Fang et al., 2007; Nelsen et al., 1999) . Both subtypes now have a worldwide distribution.
Arteriviruses are grouped together with coronaviruses, toroviruses and roniviruses in the order Nidovirales (Cavanagh, 1997; Snijder et al., 1993) . Like coronaviruses, the 15.4 kb PRRSV genome is expressed through a set of subgenomic mRNA transcripts, each used for the translation of one or two open reading frames (ORFs). ORF1a and ORF1b encode the non-structural proteins, including three proteases and the RNA-dependent RNA polymerase (Snijder & Meulenberg, 1998) ; ORFs 2-5 encode glycosylated membrane proteins (GP2-GP5) and a small nonglycosylated protein E, ORF6 encodes a non-glycosylated membrane protein (M), and ORF7 encodes the nucleocapsid (N) protein that packages the viral RNA (Dea et al., 2000; Meulenberg et al., 1995) . The major components of the envelope are GP5 and M, which form disulfide-linked heterodimers and are essential for particle assembly (Dea et al., 2000; Meulenberg et al., 1995; Wissink et al., 2005) , while the minor proteins may play a role in defining tissue tropism (Wissink et al., 2004) . All envelope proteins are required for infectivity (Wissink et al., 2005) .
The 123-residue N protein is divided into an N-terminal RNA-binding domain that is mostly disordered and positively charged (Yoo et al., 2003) and a C-terminal dimerization domain, comprising a four-stranded antiparallel b-sheet floor capped and flanked by a-helices (Doan & Dokland, 2003) (Fig. 1a, b) . A predicted a-helix (a0) in the middle of the N-terminal region (PRRSV residues 25-35) may play a role in assembly, by analogy with a similar helix in the alphaviruses (Perera et al., 2001) . N forms disulfide-linked homodimers via Cys 23 in this region (Wootton & Yoo, 2003) .
Very little is known about the structure of PRRSV virions and its proteins. Negative stain and thin section electron microscopy of PRRSV virions have shown a smooth, roughly spherical particle of about 60 nm diameter with a 20-30 nm diameter core; however, no internal structure could be discerned (Dea et al., 1995; Horzinek, 1981; Mardassi et al., 1994) . We previously determined the crystal structure of the C-terminal domain of the N proteins of both PRRSV and EAV (Deshpande et al., 2007; Doan & Dokland, 2003) , but the organization of the structural proteins in the virion is still obscure. The purpose of the current study was to provide a better structural framework for understanding PRRSV assembly and pathogenesis. In this paper, we describe the structure of PRRSV virions based on cryo-electron microscopy (EM) analysis and tomographic reconstruction. We find that the virus has a pleomorphic morphology, a spherical to oval shape with a size ranging from about 50 to 65 nm, a hollow, layered core of around 40 nm diameter and a smooth outer surface studded with a few envelope protein complexes. The overall organization of the virus is similar to that of coronaviruses like severe acute respiratory syndrome coronavirus (SARS-CoV; Neuman et al., 2006b) , except for the absence of the prominent spikes characteristic of the coronaviruses. The structural analysis suggests that the PRRSV core consists of a helical nucleocapsid wrapped up into a hollow ball.
METHODS
Virus growth. MARC-145 monkey kidney cells were grown at 37 uC in Eagle's minimal essential medium (MEM) supplemented with 10 % fetal bovine serum (Benfield et al., 1992) . For preparation of high titre virus stocks, 180-240 ml cells were infected with PRRSV strain SD-23983 at an m.o.i. of 0.1 TCID 50 per cell and grown at 37 uC in MEM supplemented with 2 % equine serum for 36 h, at which time only minimal cytopathogenic effect was observed. The cell supernatants were carefully harvested and clarified by centrifugation at 3000 g for 30 min, followed by pelleting of the virus on a 0.5 M sucrose cushion in TNC buffer (10 mM Tris, 100 mM NaCl, 2 mM CaCl 2 , pH 7.8) at 80 000 g for 90 min (Wu et al., 2001 ). The pelleted virus was resuspended in 2 ml TNC or MEM and frozen at -80 uC until microscopy was carried out. The frozen virus was then thawed, pelleted at 80 000 g for 90 min and resuspended in 50 ml 1/5 PBS (2 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 , 30 mM NaCl, pH 7.4). The virus was further dialysed into the same buffer on a 0.025 mm filter for 45 min immediately prior to EM sample preparation. For CsCl gradient purification, the virus suspension was made to 1.32 g cm
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CsCl and centrifuged for 23 h at 70 000 r.p.m. in a Beckman NVT 90 rotor (Benfield et al., 1992) .
Electron microscopy. For negative-stain EM, 2 ml virus suspension was placed on glow-discharged 400 mesh carbon-only coated copper grids (Electron Microscopy Sciences) and stained with 1 % uranyl acetate. For cryo-EM, 2 ml virus suspension was placed on non-glow discharged 200 mesh Quantifoil holey carbon films (Quantifoil Micro Tools), blotted briefly (1-2 s) and frozen by plunging into liquid ethane, as previously described (Dokland & Ng, 2006) . The grids were transferred to a Gatan 626 sample holder and observed at -174 uC in an FEI Tecnai F20 electron microscope operated at 200 kV. Images were recorded on a Gatan Ultrascan 4k64k CCD camera at a magnification of 665 500-81 200 with a defocus of 1.5-2.5 mm under low-dose conditions.
Tomographic data collection and reconstruction. For tomographic data collection, 6 nm BSA gold tracer (Electron Microscopy Sciences) was added to the sample to serve as fiducial markers during alignment. Tomographic data were acquired semi-automatically using the FEI Xplore3D software on the Tecnai F20 microscope operated at 200 kV. The images were collected at a magnification of 38 0006 and a nominal defocus of -6 mm with the CCD camera in binned mode, resulting in a pixel size of 7.9 Å (0.79 nm). Tilt series were collected over an angular range of 125u to 135u (typically from -65u to +65u) with an angular step size of 1.0-2.0u, using either a linear or a Saxton scheme, resulting in 80-140 images per tilt series. Assuming a particle size of 600 Å (60 nm), the number of tilted views gives an upper resolution limit of 16 Å (1.6 nm), consistent with this choice of pixel size (Crowther et al., 1970) . In practice, the poor signal-to-noise ratio limits the resolution to far lower. Due to the missing wedge of data at high angle, the resolution will be worse in the z direction (parallel to the electron beam) than in the xy plane. The total electron dose was 80-120 electron Å 22 for the entire tilt series or about 1-2 electrons Å 22 per image (McEwen et al., 1995) .
Tomographic data processing was done using IMOD (Kremer et al., 1996) . After initial correlation alignment, fine alignment was done using the gold fiducial markers. The final reconstruction was calculated by the back projection algorithm after binning the images by an additional factor of 2, resulting in a pixel size of 15.8 Å (1.58 nm). No phase correction was applied, since only data within the first zero of the CTF (around 40 Å , 4 nm) were used. The aligned frames were filtered with a 45 Å (4.5 nm) resolution two-dimensional Gaussian lowpass filter. The individual particle tomograms were filtered with a 3D bilinear filter with s151 and s2526SD of the map (Jiang et al., 2003) using the program proc3d in the EMAN suite Ludtke et al., 1999) . Map visualization and manipulation was done using the Chimera package (Pettersen et al., 2004) .
RESULTS AND DISCUSSION

Cryo-EM of PRRSV virions
The PRRSV type 2 field isolate SD-23983 was chosen in this study for its ability to grow to high titres in cell culture (Feng et al., 2001) . This virus grew on MARC-145 monkey kidney cells to titres of 10 6 -10 7 p.f.u. ml 21 cell culture supernatant in 48 h with minimal amount of cell lysis. The virus was concentrated from the supernatant to a titre of about 10 8 -10 9 p.f.u. ml 21 by two rounds of pelleting. In some cases, virus was also purified further on a CsCl gradient, but this step was omitted in virus used for cryo-EM, as the virus yield was too low.
By negative-stain EM, CsCl-purified virus appears as roughly spherical to somewhat oval particles with a mean diameter of about 55 nm (Fig. 2a) . In some cases, the particles appear larger, due to collapse and flattening of the virus on the supporting substrate (not shown). The particles display a mostly featureless surface, but a few protrusions can be observed. No internal structures are discernible in intact particles because of the inability of the stain to penetrate through the lipid envelope. However, in partially ruptured particles, the lipid bilayer and the core inside can be discerned (Fig. 2a, inset) .
The virions were subsequently imaged by cryo-EM, which eliminates the distortions and artefacts associated with negative staining (Dokland & Ng, 2006) . By cryo-EM, the virions appear as round or egg-shaped particles ranging in diameter from 50 to 74 nm, with a median value of 54 nm and only few particles larger than 60 nm (Fig. 2b ). This oval shape and pleomorphic nature was previously observed in pictures of thin-sectioned and negatively stained PRRSV and other arteriviruses (Brinton, 1994; Horzinek, 1981; Snijder & Meulenberg, 1998) , and suggest that PRRSV is not an icosahedrally ordered, isometric virus like e.g. flaviviruses and alphaviruses.
The particles display a very smooth outline with few protruding features. The lipid bilayer of the envelope is clearly discernible, and in some places, the membrane has a set of cross-striations with a spacing of about 4 nm (Fig. 2b, inset) . These striations possibly correspond to the transmembrane (TM) domains of the envelope proteins, of which M and GP5 compose the majority (Mardassi et al., 1996; Meulenberg et al., 1995) . M and GP5 have very small ectodomains of about 16 and 30 residues, respectively, which corresponds to a feature of approximately 2 nm in size. Thus, a smooth particle outline is expected. A few features protruding from the membrane surface by about 4 nm are also visible (Fig. 2b) . These protrusions most likely stem from the more bulky, less abundant membrane proteins, such as GP2 (Wissink et al., 2005) .
The virions contain an internal core with an average diameter of 39 nm, which is separated from the envelope by a 2-3 nm gap. The size and shape of the core generally follow those of the envelope and thus display considerable variation. The core consists of a 10 nm thick layer of density surrounding a central, lower density area, suggesting that the core is hollow. Occasionally, particles with a rectangular core are found (Fig. 2b) , suggesting that the core might be organized as a spool or solenoid, with the round cores representing end-on views and rectangular cores representing side views. However, this interpretation was not supported by the three-dimensional analysis (see below).
Comparison with other nidoviruses
Coronaviruses and arteriviruses are grouped together in the order Nidovirales based on similarities in genome The dark area on the left is part of the carbon support film. Bar, 100 nm. The white arrow points to a particle with a rectangular core. Black arrows indicate protruding features thought to correspond to complexes of the minor envelope proteins. Inset, ¾2 magnified view of a single, typical PRRSV particle with dimensions indicated. A presumed envelope spike complex is indicated, as is the striated appearance most likely corresponding to transmembrane domains.
Structure of PRRSV organization and expression. Recent data have suggested that this relationship also extends to structural features: Xray crystallography and nuclear magnetic resonance (NMR) structures of the C-terminal dimerization domain of the nucleocapsid protein of the two coronaviruses infectious bronchitis virus (IBV) and SARS-CoV (Chang et al., 2005; Chen et al., 2007; Jayaram et al., 2006; Yu et al., 2006) have revealed a fold that is topologically equivalent to that from the arteriviruses PRRSV and EAV (Deshpande et al., 2007; Doan & Dokland, 2003) . In the coronaviruses, this 120-130 residue domain is embedded within a much larger protein of 350-422 aa, compared with the 123 residues of the full-length PRRSV N protein.
Coronaviruses have generally been described as pleomorphic, roughly 100 nm diameter particles (Holmes & Lai, 1996) . Recently, cryo-EM of SARS-CoV (Neuman et al., 2006a, b) revealed oblong, membrane-bound particles about 50-100 nm wide and up to 150 nm long, studded by the club-shaped protruding envelope proteins that give the family its characteristic 'corona'. Coronaviruses are considered to have a helical nucleocapsid (Davies et al., 1981; Sturman et al., 1980) . The exact organization of this nucleocapsid is not known, but some models have been proposed (Chen et al., 2007; Fan et al., 2005) . The cryo-EM of SARS-CoV showed an amorphous core with the same elongated shape as that of the whole virion. Thus, the morphology of coronaviruses is very similar to what we observe here for PRRSV, except for the protruding spike proteins. These observations suggest that the relationship between corona-and arteriviruses extends to the supramolecular organization of the virion. Hence, it seems plausible that the arterivirus core may also be organized with the same helical arrangement of N protein as the coronaviruses.
Tomographic reconstruction of PRRSV virions
The heterogeneous and asymmetrical nature of the virus that is apparent in the electron micrographs means that reconstruction methods that involve either the application of symmetry or averaging between multiple particles are not suitable. Although it cannot be completely excluded a priori that a subset of individual particles have icosahedral symmetry, the generally irregular shape would indicate that such particles are very rare. Instead, the only way to generate three-dimensional information is by a general method like tomography, in which multiple views of the same particles are obtained by tilting the sample in the microscope. These views are then combined computationally into a 3D reconstructed volume (Frank, 2006; Lucic et al., 2005) . The weakness of this technique is that only rather limited resolution is attainable, due to the lack of averaging, the high radiation sensitivity of frozen hydrated specimens, and the consequently poor signal-to-noise ratio of the reconstructions. Nevertheless, electron tomography has allowed structural information on asymmetrical viruses to be obtained at a resolution of up to 5 nm (Benjamin A total of 15 tilt series were collected from two separate virus preparations, five of which were ultimately deemed of sufficiently high quality to calculate tomograms. Each tomogram contained on average 10-20 particles that were used for further analysis. A single 15.8 Å (1.58 nm) thick section through part of one complete tomogram is shown in Fig. 3 . In this view, there are 11 normal-looking PRRSV virions with an average diameter of 56 nm and one abnormally large 76 nm particle. A large vesicle, possibly an exosome, presumably of cellular origin, and a smaller empty vesicle are also visible. While this view looks similar to the raw micrograph in Fig. 2(b) , it is much clearer, since the information displayed in Fig. 3 results from only a single 15.8 Å thick section, while the raw micrograph contains information superimposed through the entire volume. Some differences in size and appearance of the particles in this view are due to the fact that the position of each particle relative to the surface of the ice varies, and that the sectioning plane therefore does not pass through the centre of all particles. A video that shows serial sections through the whole tomogram can be found in Supplementary data S1, available in JGV Online.
Sub-tomograms containing one particle each were cropped out from the full tomograms and a spherical mask was applied to remove density arising from random noise, contaminating proteins and gold markers. Isosurface representations and central sections in the z and y directions (parallel and perpendicular to the electron beam, respectively) of a representative set of individual particle tomograms are shown in Fig. 4 (videos of sections in the z and y directions through two of these particles are shown in Supplementary data S2, available in JGV Online). The tomograms have a slightly drawn out appearance in the z direction, most apparent in sections perpendicular to the z axis (Fig. 4b) , which is caused by the 'missing wedge' of information at high angles. Sections along the z axis, however, are more or less centrosymmetrical (Fig. 4c) .
The same features that were apparent in the micrographs are also obvious in the tomograms: the particles generally present a quite smooth and featureless outer surface (Fig. 4a) . A few protruding features are evident on some of the particles, possibly corresponding to the bulkier envelope proteins, like GP2. At the resolution of the tomogram, the two leaflets of the lipid bilayer, separated by about 3 nm, cannot be discerned, consistent with observations in other tomographic reconstructions of viruses (Harris et al., 2006; Wright et al., 2007) .
Organization of the nucleocapsid core
The tomograms show that the viral core is not solid, but consists of a two-layered shell with a total thickness of about 10-11 nm. This shell surrounds a hollow central cavity with a size that is related to the outer diameter of the particle, or about 13-14 nm in diameter for a normal, 56 nm particle. The core size and shape generally follow those of the envelope. Thus, abnormally large particles, such as the 76 nm particle in Fig. 3 (arrow) , have large cores with a larger central cavity, but the same two-layered, 11 nm thick core shell. None of the cores had a rectangular outline, as would have been expected if the core was a spool or solenoid. Instead, sections through the tomograms in either direction (x, y or z) generally reveal the same, more or less rounded outline of the core, after taking into consideration the stretching caused by the missing wedge (Fig. 4) . Thus, the rectangular core seen in the micrograph in Fig. 2(b) is most likely a rare and abnormal occurrence.
The core is separated from the envelope by a 3 nm gap, traversed only by a few strands of density, suggesting that interactions between the core and the envelope proteins, if any, are weak and flexible.
In isosurface representation, the core looks disorganized and appears to consist of many strands of density bundled together into a ball (Fig. 5a ). The tomograms typically have a single strong density in the centre of the particles, which is connected to the rest of the core only on one side (Fig. 5b) . This density could conceivably correspond to one of the ends of the genome. The volume of the electron density enclosed by the core at a cut-off level of 2s above the mean corresponds to an average mass of 24.0± 2.9 MDa (25.5±3.0 MDa at 1s cut-off). If we subtract the mass of the genome (approx. 4753 kDa), this volume corresponds to 1415 copies of N in the core.
The 11 nm thick core shell comprises a series of elongated densities of approximately 7 nm, organized into two discontinuous layers, in many cases giving the appearance of a chain with a link-to-link distance of about 10 nm (Figs 4, 5c) . The elongated densities are roughly the same dimensions as an N protein dimer rendered at comparable resolution (Fig. 5c) . However, the reconstruction also contains other density features that may be attributed to the RNA and the disordered N-terminal domain of N. This and the low resolution of the map prohibited a reliable and consistent fit of N into the electron density.
We previously suggested a model for the arterivirus core in which C-terminal domains of the N dimers formed a single-layered shell, while the RNA-binding N-terminal domains interacted with the RNA on the inside of the shell (Deshpande et al., 2007; Doan & Dokland, 2003) . The data Structure of PRRSV presented here suggest an alternative model for the core, in which two layers of N dimers form a linked chain (Fig. 6 ).
Since the C-terminal dimerization domain does not assemble on its own (Doan & Dokland, 2003) , it is likely that assembly involves interactions between the N-terminal domains as well as the viral RNA. In our model, opposing N dimers interact via the N-terminal domains, leading to the formation of the linked rings of density observed in the tomograms (Figs 4, 5) . These interactions are likely to involve the predicted a0 helices between residues 21 and 35 ( Fig. 1) , by analogy with the a-helix in the RNA binding domain of alphaviruses (Perera et al., 2001) . The structure of the N-terminal domain is unknown, but if residues 21-35 are assumed to be a-helical while residues 36-57 have a more extended conformation, it would span a distance of about 7-8 nm, sufficient to cover the observed distance between the two layers of density, while taking into account overlap between the opposing dimers (Fig. 6 ). In the core, the N proteins interact with the viral RNA via the positively charged residues in the N-terminal domain, especially residues 35-51, causing the formation of a twisted ribbon or chain with the RNA in the centre. In the core, this chain is bundled into a roughly spherical shape, following the confines of the inside of the envelope and leaving a hollow interior. Overall, the core appears to be quite disorganized, and it was not possible to trace a consistent path of densities through the core.
This arrangement would not present a uniform surface for the envelope proteins to interact with, consistent with the observed gap between the core and the envelope and the failure to detect substantial interactions between N and the endodomains of M and GP5 in vitro (unpublished data). From a biological point of view, such an arrangement may be attractive as there is no need for disassembly of a closed shell-like core in order to release the genome into the cytoplasm after entry of the virus.
The conformation of the RNA in the nucleocapsid is unknown. In tobacco mosaic virus (TMV), the RNA describes a helical path corresponding to approximately 2.6 nt nm
21
. Atomic force microscopy has shown that naked TMV RNA is more compact, at about 4.3 nt nm 21 (Drygin et al., 1998; Kiselyova et al., 2001) . Increased secondary structure formation would compact the RNA further. If we take 4.3 nt nm 21 as a reasonable average The envelope, shown in mesh representation, was peeled away to reveal the internal core. The core is shown as an isosurface, coloured by the radius from the centre of the particle (from red to blue). In (b), the core has also been cut open to show the internal structure and in particular the characteristic central density (red-orange). (c) A 63 nm thick slab through the centre of one particle tomogram, with several copies of the crystal structure of the dimer of the C-terminal domain of N rendered at a comparable resolution to the tomogram and superimposed on the oblong densities in the core. Fig. 6 . Model for PRRSV nucleocapsid structure. The b-sheet domain of the N protein dimer is represented schematically by the dotted, oval shapes, and is flanked by a-helices a2 and a3 (circles and rectangles, respectively). The N-and C-termini are indicated, and the numbering of secondary structure elements follows that of Doan & Dokland (2003) . The predicted a-helices (a0) in the N-terminal RNA-binding domain are shown as black and white rectangles. The grey, sinusoidal shape in the background represents the viral RNA, which is assumed to interact with the positively charged residues in the N-terminal domain (indicated by '+'). Two N protein dimers would constitute the ring-like shapes seen in the tomograms.
value, each 10 nm link in the model would contain 43 nt and consist of four copies of N. This would yield an estimated 1433 copies of N in the core, which is in good agreement with the volume measurements.
The model we propose is not unlike others suggested for coronaviruses. Although it is not known exactly how the coronavirus N protein is organized into a helical nucleocapsid (Davies et al., 1981; Sturman et al., 1980) , several possible models have been proposed (Chen et al., 2007; Fan et al., 2005; Jayaram et al., 2006) . In some of these models, the RNA forms the centre of a helix formed by the N proteins, while others have proposed that the RNA is wound around the outside of a helical N protein core. However, these models are based on high-resolution structures of nucleocapsid proteins that lack most of the RNA-binding domain and do not contain RNA. The present structure of PRRSV, albeit at low resolution, pictures the core in its native state in the virus, including the complete protein-RNA complex. It is also noteworthy that the N protein C-terminal domain dimers were organized end-to-end in a helical arrangement in the crystals (Doan & Dokland, 2003) .
Experiments are under way to reconstitute the core filaments in vitro from overexpressed N and RNA. We previously showed that refolding of N in the presence of tRNA gave rise to filamentous structures (Doan & Dokland, 2003) . A reverse genetics system might also allow specific proteins within the virus to be tagged or labelled with gold and would be highly beneficial to these studies. However, recombinant virus yields have been too low for structural analysis. Structural information on arterivirus will hopefully lead to a better understanding of the PRRSV assembly pathway as well as the immunological properties of PRRSV that have made this pathogen such a problem to agriculture worldwide.
